Purpose To study the presence and distribution of genes encoding free radical scavengers in human granulosa cells from primordial and primary ovarian follicles. Methods A class comparison study on existing granulosa cell transcriptome from primordial (n = 539 follicles) and primary (n = 261) follicles donated by three women having ovarian tissue cryopreserved before chemotherapy was performed and interrogated. Results In granulosa cells from primordial follicles, 30 genes were annotated 'mitochondrial dysfunction' including transcripts (PRDX5, TXN2) encoding enzymatic free radical scavengers peroxiredoxin 5 and thioredoxin 2. Several apoptosis regulation genes were noted (BCL2, CAS8, CAS9, AIFM1). In granulosa cells from primary follicles, mitochondrial dysfunction signalling pathway was annotated. High expression of transcripts encoding the free radical scavenger peroxiredoxin 3, as well as antiapoptotic enzyme BCL2, was found. Interestingly, PARK7 encoding the deglycase (DJ-1) protein was expressed in granulosa cells from primary follicles. DJ-1 is implicated in oxidative defence and functions as a positive regulator of the androgen receptor and as a negative regulator of the phosphatidylinositol 3-kinase (PI3K)/phosphatase and tensin homolog (PTEN)/serine-threonine protein kinase (AKT) signalling pathway suppressor PTEN. Conclusions The results indicate extensive energy production and free radical scavenging in the granulosa cells of primordial follicles with potential implications for ovarian ageing, cigarette smoking, premature ovarian failure and polycystic ovarian syndrome. Furthermore, DJ-1 may be involved in androgen responsiveness and the regulation of follicle growth via PI3K/PTEN/ AKT signalling pathway regulation in the granulosa cells of primary follicles. The involvement of mitochondrial free radical production in the age-related decline of competent oocytes is becoming apparent.
Introduction
The female reproductive capacity is dependent on the quantity and quality of the poll of primordial follicles [1, 2] . Laid down during foetal life, oocytes halt meiosis in the dictyotene stage of prophase I and remain enclosed by one layer of granulosa cells during alleged dormancy [3] . Here they remain arrested until they are activated into growth or atresia [4] . Increasing lines of evidence suggest that bi-directional signalling between the oocyte and the granulosa cells is crucial in regulating dormancy and contributes towards activation and integrity of the primordial follicle-complex across decades [5, 6] . The female reproductive potential expires upon the exhaustion of the primordial follicle pool at 51 years of age on average [7, 8] . During the prolonged arrested period, the metabolically active oocyte and surrounding granulosa cells must maintain integrity in order to ensure oocyte competence [9] [10] [11] . The chance of a pregnancy occurring per cycle decreases dramatically with age from 25% at the age of 25 years to 6% at the age of 42 years. This is indicative of detrimental ageassociated effects on the ovarian function [12, 13] . Consistent with this, chromosomal aneuploidies are known to increase with age [9] . Recently, the importance of mitochondrial functions in ovarian ageing was recognized [14, 15] . Mitochondria, being the 'powerhouse' of the cell, produce energy (ATP) for all cellular functions through oxidative phosphorylation [14] . The production of ATP via the electron transport chain in the inner mitochondrial membrane produces reactive oxygen species (ROS) and reactive nitrogen species (RNS) (collectively 'free radicals') as side products [16, 17] . Free radicals include hydroxyls, superoxides, nitric oxides, nitrogen dioxides, peroxyls and lipid peroxyls. Additionally, non-free radicals such as hydrogen peroxide and lipid peroxide rapidly transform to free radicals. Most free radicals are highly unstable molecules reacting in a detrimental way with DNA, lipids and protein [18] . The detrimental effects of free radicals occur upon mismatch between ROS/RNS production and free radical scavenging mechanisms (antioxidants) [11] . Ovarian antioxidants are numerous and include vitamins (A, C and E), tripeptide glutathione (GSH) and free radical scavenging enzymes such as glutathione peroxidase (GPX), superoxide dismutase (SOD), catalase (CAT), glutathione S-transferase (GST), thioredoxins (TXN) and peroxiredoxins (PRDX) [19] . ROS are prominent and are commonly involved in oxidative stress. Mitochondria are central for ROS production, a process that has been shown to increase with age [20] . It was reported that levels of 8-oxodeoxyguanosine are a marker of oxidative stress, and 8-OHdG was found higher in ageing oocytes [21] . However, free radical scavenging enzymes have been shown to decrease with age in mammalian granulosa cells [22, 23] . Furthermore, oral antioxidants (vitamin C and E) have been shown to counteract the negative effects of ageing on oocyte quantity and quality, probably through increased free radical scavenging mechanisms in the follicle [24] . The involvement of free radicals in ageing, the 'free radical theory of ageing', was proposed more than 60 years ago by Harman [25] . However, the free radical theory of ageing is not the only theory that could explain the mechanism involved in ageing at the molecular level, including genomic stability and mitochondria functions [26] . Thus, mitochondrial dysfunction with decreased ATP production and increased free radical production has been associated with having deleterious consequences on chromosome segregation, meiotic spindle abnormalities and decreased preimplantation potential [11, 14, 27] . In preovulatory follicles, ROS has been proposed to affect several processes. Only the dominant oocyte enters meiosis I, a process targeted by increased ROS and decreased antioxidants. Interestingly, as increased antioxidants are required for the progression of meiosis II, this suggests a cross-talk between ROS and antioxidants in the ovary [28] .
Recent studies have also highlighted the protective role for correct mitochondrial function of human granulosa cells in protecting the ovarian reserve [29] . During follicle development, most follicles undergo follicular atresia. Abnormal follicular atresia could accelerate follicular depletion causing ovarian dysfunction. Recent studies indicated that apoptosis in granulosa cells is linked to follicular atresia [30, 31] . Oxidative stress is believed to be the cause of granulosa cell apoptosis in an age-dependent manner [8, 11] . Free radicals in granulosa cells that cause subsequent oxidative stress have been linked to several important deleterious ovarian processes such as follicular apoptosis [32] , follicular ageing [19, 22] , cyclophosphamide treatmentinduced premature ovarian failure (POF) [33] and polycystic ovarian syndrome (PCOS) [34] . In fact, PCOS has been found associated with decreased antioxidant concentrations [35, 36] , and the decrease in mitochondrial O 2 consumption and GSH levels alongside increased ROS production has been suggested to be the cause of mitochondria dysfunction in PCOS patients [37] . Recently, it was found that PCOS women have lowered nitric oxide due to reduced iNOS/eNOS expression, low H 2 O 2 , high asymmetric dimethyl arginine (ADMA) levels and decreased arginine bioavailability, suggesting that redox biology represents a potential treatment option for PCOS patients [38] . In addition, lifestyle factors such as obesity and smoking have been associated with mitochondrial dysfunction and with the increased production of free radicals and compromised oocyte development [28, 39] .
The association between mitochondrial dysfunction and compromised fertility seen in a variety of conditions (high maternal age, POF, PCOS, obesity) calls for greater understanding of the mechanisms that ensure structural integrity in primordial follicles across decades of dormancy.
Several lines of evidence thus confirm the key role of oxidative stress in aged granulosa cells [40] . Knowing the detailed expression of genes encoding free radical scavenger proteins in human granulosa cells is a first step towards the search for good candidate as a predictive marker and therapeutic target in new strategies for improving reproductive counselling in ageing women.
A previous study explored the presence of canonical signalling pathways in granulosa cells from human primordial and primary follicles [41] . This study interrogates the canonical signalling pathway 'mitochondrial dysfunction' that was found highly enriched in granulosa cells from primordial follicles as compared to granulosa cells from primary follicles. The canonical signalling pathway mitochondrial dysfunction contains several free radical scavengers, including the PRDX3, PRDX5 and TXN2 genes. Their presence suggests their potential involvement in maintaining the integrity of dormant human primordial follicles and the regulated process of follicle development.
Materials and methods

Human cortical ovarian tissue and follicle isolation
Normal human ovarian tissue was donated by three women undergoing cryopreservation prior to gonadotoxic treatment (Danish Scientific Ethical Committee Approval Number: KF 299017 and J7KF/01/170/99) [42] [41, 43] from cryopreserved biopsies. Until use, the cortical piece was stored in liquid nitrogen (− 196°C), as previously described [44, 45] . Although healthy children have been born as a result of the ovarian cryopreservation procedure [44] , oxidative stress on the tissue cannot be excluded. Primordial follicles were defined as oocytes surrounded by three to five flattened granulosa cells, and primary follicles were defined as oocytes surrounded by one layer of cuboidal granulosa cells.
Laser capture microdissection
Ovarian cortical fragments with a size of 2 × 2 × 1 mm were thawed and fixed by direct immersion into 4% paraformaldehyde (PFA) at 4°C for 4 h followed by dehydration and embedding in paraffin, and LCM was performed using the Veritas™ Microdissection instrument Model 704 (ArcturusXT™, Molecular Devices, Applied Biosystems®, Life Technologies, Foster City, CA, USA), as described [46] . Isolates of oocytes and oocytes with surrounding granulosa cells (follicles) from the primordial and primary stage, respectively (four main groups in total), from each of the three patients, with a total number of 12 samples, were isolated using laser capture microdissection [41] .
Library preparation, sequencing and bio-informatically management
Total RNA was extracted from isolates (KIT0312-l, Arcturus® Picopure® RNA Isolation Kit, Applied Biosystems, Life Technologies™, CA, USA), converted to cDNA (#3312 NuGen Inc., CA, USA) and sequenced on the Illumina HiSeq2000 platform (Illumina Inc., CA, USA) at an external facility (AROS Biotechnology, Aarhus, Denmark).
Bio-informatically management included BAM file generation (Tophat 2.0.4., Cufflink 2.0.2.), mapping to the human reference genome (hg19) (BWA 0.6.2.) and normalization (FPKM) (Software R, R Development Core Team (2015), R: language and environment for statistical computing, R Foundation for Statistical Computing, Vienna, Austria; URL http://www.R-project.org) (Team, 2012)).
Mean FPKM values for all transcripts were calculated based on triplicate FPKM values using a one-sample t test. All transcripts were ranked based on consistency across triplicates as indicated by one-sample t test p value (the cut-off value for inclusion in downstream analysis: p < 0.2 across triplicates). Based on global transcription lists for (a) oocytes from primordial follicles, (b) oocytes from primary follicles, (c) primordial follicles (oocytes with surrounding granulosa cells) and (d) primary follicles (oocytes with surrounding granulosa cells), gene contribution in granulosa cells from primordial and primary follicles was analysed [41] .
In silico extraction of granulosa cell transcriptomes was performed by applying three filters on global transcriptome data from patient triplicates of oocytes [46] and oocytes with surrounding granulosa cells (follicle) for both the primordial and primary stage [41] . First, consistency in mean gene expression level (FPKM) for all detected transcripts was quantified by performing a t test on patient triplicate samples of same type ((a) primordial oocyte, patient 1 + 2 + 3; (b) primordial follicle, patient 1 + 2 + 3; (c) primary oocyte, patient 1 + 2 + 3; and (d) primary follicle, patient 1 + 2 + 3). The level of consistency was sorted based on p value, with a low p value indicating a high degree of consistency in FPKM mean across patient triplicates. The cut-off in the level of consistency for all transcripts was set at p < 0.2 across triplicates for being included in all downstream analyses.
Significantly, differentially expressed genes between the granulosa cells from primordial follicles and the granulosa cell from primary follicles were defined as FPKM mean fold change > 2 and/or paired t test significance (p < 0.05) [41] .
Enrichment analysis
We extracted two main lists: stage-specific consistently expressed genes (SSCEGs) for oocytes and granulosa cells from primordial and primary follicle transcriptomes, respectively, and differentially expressed genes (DEG) comparing the transcriptomes of the two morphological stages. SSCEGs were defined as genes significantly expressed (p < 0.05) in either oocytes or granulosa cells from primordial or primary follicles in the three different patients. SSCEGs were identified using a one-sample t test on FPKM values for each identified transcript from patient triplicates within each follicle stage in relation to a '0' value. This in silico merging of transcriptomes from three patients was performed to account for biological variance. DEGs were analysed in order to investigate genes consistently down-or upregulated during the primordial-to-primary transition. We identified DEG on the basis of genes consistently expressed in primordial and primary follicles by comparing FPKM values. Towards this, we used the Ingenuity® Pathway Analysis (IPA®) software (Qiagen) according to their instructions (Qiagen). The canonical pathway enrichment analysis of (I) consistently expressed genes in granulosa cells from primordial follicles, (II) consistently expressed genes in granulosa cells from primary follicles, (III) downregulated genes in the granulosa cells during the primordial-to-primary transition and (IV) upregulated genes in the granulosa cells during the primordial-to-primary transition and was performed using the IPA®software. The molecular and Cellular annotation foundation was likewise defined using the IPA® software (Qiagen).
Real-time quantitative PCR
The validation of the sequencing results was performed for a selected gene (TXN2) using a predesigned and validated gene expression assay (TXN2, Hs00429399_g1, TaqMan®, Applied Biosystems, Life Technologies™, CA, USA). GAPDH (Hs02758991_g1, TaqMan®, Applied Biosystems, Life Technologies™, CA, USA) was selected as the reference gene. Triplicate expression values of the gene (TXN2) were set relative to GAPDH via the ΔΔCt method [47, 48] . Experiments were repeated at least three times. As a negative control, cDNA from no template RT PCR reactions was used. All qPCR data were analysed using Prism 6, version 6.0 (GraphPad Software Inc., CA, USA). Statistical analysis was carried out using Student's unpaired t test. Data are represented as mean ± SEM. RT-qPCR validation of the dataset used was previously performed for several other genes [41] .
Results
The mitochondrial dysfunction canonical signalling pathway
A recent study previously explored the most enriched and significant canonical pathways in granulosa cells from primordial and primary follicles were defined using a transcriptomebased approach [41] . Interestingly, this revealed that although the number of significant canonical pathways were comparable in the granulosa cells during the primordial to primary transition (n = 46 and n = 37 in granulosa cells from primordial and primary follicles, respectively), the biological contents of the canonical pathways differed remarkably, suggesting a dynamic nature in human granulosa cells during the primordial to primary transition.
In granulosa cells from primordial follicles, the mitochondrial dysfunction canonical signalling pathway was the foremost enriched signalling pathway (p = 4.11E−05) with 30 molecules assigned (Table 1; Fig. 1 ). In granulosa cells from primary follicles, mitochondrial dysfunction was the 29th most enriched canonical signalling pathway (p = 3.6E−02) with 12 molecules assigned ( Table 1) . Of the assigned genes from the mitochondrial dysfunction pathway, only four genes (CYB5R3, NDUFB2, SDHB and BCL2) were present in both granulosa cells from primordial and primary follicles. This clearly suggests that the genes assigned to the mitochondrial dysfunction pathway are dynamic during the primordial to primary transition, with different genes assigned to the mitochondrial dysfunction.
The signalling pathway in mitochondrial dysfunction
The mitochondrial dysfunction pathway from granulosa cells from primordial follicles was subjected to molecular pathway analysis in the IPA® software (Fig. 1 ) in order to reveal the presence of the gene candidates from this study against the broader context of mitochondria function. This clearly indicates that the vast majority of the genes from this study are associated with complexes within the inner mitochondria membrane (Fig. 1) . A few genes associated with the outer mitochondria membrane was noted, such as the genes encoding components of the gamma secretase complex [49] . The gamma secretase complex consists of four individual proteins presenilin-1 (PSEN1) nicastrin (NCT), anterior pharynx-defective 1 (APH-1) and presenilin enhancer 2 (PEN-2) that were noted in the granulosa cells (Fig. 1) .
The inner mitochondria membrane contained genes encoding NADH/ubiquinone oxidoreductase supernumerary subunits (NDUP making up the complex I, and some components of the complex II, III and IV such as succinate dehydrogenase (SDHD) and cytochrome c oxidase (COX) 7A) (Fig. 1) . In the inner mitochondria membrane complex V, genes encoding adenotriphosphate (ATP)5G, 5H, SC and S0 were noted (Fig. 1) .
The inner membrane of the mitochondrion is involved in the final step in aerobic respiration, suggesting that energy production and cellular activity associated with this is prominent in granulosa cells. It was observed that the caspase 8 and caspase 9 apoptosis components are present in the granulosa cells of the primordial follicle, supporting the well-known fact that apoptosis contributes towards atresia during follicle development. 
Differentially expressed genes in mitochondrial dysfunction
We further analysed differentially expressed genes (DEG) between granulosa cells from primordial and primary follicles. We found that 11 genes assigned with mitochondrial dysfunction (p = 3.72E−02) were significantly downregulated in the granulosa cells during the primordial-toprimary transition, whilst three genes were significantly upregulated (ns enrichment) ( Table 2) . Interestingly, we note that the gene encoding the apoptosis-inducing factor, mitochondria-associated 1 (AIFM1) is highly expressed in granulosa cells from primordial follicles and downregulated by a 2.5-fold factor. Thioredoxin 2 (TXN2) was likewise downregulated by a 2-fold change during the primordial-to-primary transition and was selected for RT-qPCR confirmation. This showed that the TNX2 gene is significantly (p < 0.002) downregulated granulosa cells during the primordial and primary follicle transition (Fig. 2a) and, moreover, confirmed the RNA seq. data (p = 0.38) for TXN2 (Fig. 2b) . In this regard, it should be noted that FPKM values below 1 regards the gene expression not to be present.
Molecular and cellular functions
As a next step, the 'molecular and cellular function' from the IPA analysis was investigated and, in line with the canonical pathway analysis, the 'free radical scavenger' category was restricted to granulosa cells from primordial follicles (Table  3) , including four functional annotations 'modification of reactive oxygen species' (containing; GSTA4, PRDX1, SEPP1), 'quantity of reactive oxygen species' (containing; ADAM9, BCL2, DPY30, HMGA1, ITCH, NDUFAB1, NFKBIA, PON2, PRDX1, PRDX5, PRDX6, XDH), 'reduction of lipid peroxide' (containing; GSTA4, SEPP1) and 'degradation of hydrogen peroxide' (containing; BCL2, PRDX1, PRDX5, PRDX6), with the quantity of reactive oxygen species being the most abundant in terms of number of genes. Several genes in the functional annotations overlap restrictively (Fig. 3) .
Discussion
The present study showed that genes associated with mitochondrial functions are highly expressed in granulosa cells from primordial follicles and less in granulosa cells from Eleven transcripts were significantly (fold change > 2) downregulated, whilst three were significantly upregulated (fold change > 2) in the granulosa cells during the primordial-to-primary follicle transition ND not determined primary follicles. We observed that the genes annotated the mitochondrial dysfunction pathway are highly dynamic, with several transcripts encoding important proteins that exhibit differential expression when comparing granulosa cells from the two key stages of human follicle development. In granulosa cells from primordial follicles, mitochondrial dysfunction was the foremost enriched pathway, with 30 molecules assigned. Large portions of the proteins that these transcripts encode reside at the inner mitochondrial membrane, where they are involved in ATP generation. These findings indicated that the alleged dormant primordial follicles are indeed highly active in energy production. Interestingly, we noted expression of transcripts encoding the ROS scavengers PRDX5, as well as TXN2 in granulosa cells from primordial follicles. In granulosa cells from primary follicles, we detected high expression of PRDX3. In mammals, six different isoforms of the free radical scavenging enzymes, peroxiredoxins (PRDX1-6), have been identified [50] . In an acellular assay, PRDX5 was previously reported to protect mitochondrial DNA from oxidative damage [51] . Furthermore, in hamster ovary cells, the overexpression of Prdx5 reduced the damage caused by hydrogen peroxide on mitochondrial DNA [51] . In mice, Prdx3 and Txn2 have been found to decrease significantly with age coinciding with increased oxidative damage to lipids, proteins and DNA [19] . The PRDX4 protein, and mRNA, mainly expressed in the granulosa cells of mature human follicles, was reported lower in PCOS patients as compared to controls, possibly due to increased oxidative stress in the follicles of PCOS patients [52] . A deficiency of mitochondrial redox protein TXN2 was recently associated with earlyonset neuro-degeneration [53] . Here, patient-derived samples exhibited increased ROS levels, impaired free radical defence and showed oxidative phosphorylation dysfunction. Furthermore, upon cell culture antioxidant treatment (MitoQ, Idebenone, Trolox), these detrimental effects were counteracted [53] . The transcript level of TXN2 was previously reported significantly higher in granulosa cells of normally responding women undergoing IVF treatment as compared to poor responders [54] . Interestingly, we noted significant downregulation of TXN2 in granulosa cells during the primordial-to-primary follicle transition. These findings suggested the importance for TXN2 in maintaining the integrity of the granulosa cells during prolonged primordial follicle dormancy. Additionally, peroxiredoxin 5 may be another important protector of free radicals in the granulosa cells from primordial follicles. We found indications that peroxiredoxin 3 may be the dominant peroxiredoxin in granulosa cells from primary follicles. As Prdx3 and Txn2 were previously found to decrease with increasing age in mice [19] , it would be interesting to investigate whether age has a similar effect on human granulosa cells TXN2, PRDX3 and PRDX5 expression. The potential involvement of TXN2, PRDX3 and PRDX5 in the patho-ethiology of human POF remains to be determined. We found transcripts encoding the known anti-apoptotic factor BCL2 [16] expressed in granulosa cells of both primordial and primary follicles. The BCL2 apoptosis regulator is under the regulatory control of AKT of the phosphatidylinositol 3-kinase (PI3K)/phosphatase and tensin homolog (PTEN)/AKT signalling pathway, which is known to be crucial in controlling primordial follicle dormancy, activation and integrity [55] . Bcl2 was shown to be pivotal in maintaining the pool of primordial follicles in rats [56] . In addition, we found transcripts encoding the pro-apoptotic enzymes caspase 8 and 9 expressed in granulosa cells of primordial follicles with a significantly lower expression in granulosa cells of primary follicles. AKT has previously been proposed to directly inhibit caspase 9 [57] . Thus, the present data indicated a complex interplay between pro-apoptotic and anti-apoptotic enzymes governing the survival of primordial follicles in dormancy and that BCL2 may have an important role in supporting the survival of human granulosa cells from primordial and primary follicles.
We found high expression of the transcript Parkinson associated deglycase (PARK7) encoding the protein deglycase (DJ-1) in the granulosa cells of primary follicles. A mutation in the DJ-1 protein was recently found to decrease the anti-oxidative capacity of cells [58] . Interestingly, DJ-1 acts as a positive regulator of androgen receptor-dependent transcription [59] . Androgen receptor mRNA has been found expressed from transitional human follicles (mixed flattened and cuboidal granulosa cells) onwards [60] , indicative of androgen responsiveness. An in vitro culture of mouse ovaries with testosterone has previously been shown to increase the primordial-to-primary transition [61] . This is theoretically consistent with an increased number of small growing pre-antral follicles seen in hyperandrogenetic PCOS patients [62] . Additionally, in IVF treatments, low responder patients had increased ovarian response when pre-treated with low doses of dehydroepiandrosterone (DHEA) [63] . Finally, DJ-1 is a negative regulator of PTEN, a known suppressor of the PI3K/PTEN/AKT signalling pathway [64] . The actions of the PI3K/AKT signalling pathway have been associated with primordial follicle activation [55] . One may speculate whether PARK7 expression in the granulosa cells of primary follicles augments the transcriptional effects of androgens and in parallel relieves the PI3K/PTEN/AKT signalling pathway from the PTEN suppressive effect, thus increasing cell proliferation and the growth of early pre-antral follicles.
In conclusion, these findings indicate that granulosa cells of primordial and primary follicles are highly active in energy production. Furthermore, in order to cope with the free radical load generated in connection with this, our findings suggest that granulosa cells may have developed defence mechanisms involving several free radical scavengers such as peroxiredoxins (PRDX3, PRDX5) and thioredoxin (TXN2), with the free radical scavenger category from the molecular and cellular function being specific to granulosa cells from primordial follicles. Moreover, the anti-apoptotic factor BCL2 may prove to be important for sustaining human granulosa cell integrity in both the dormant primordial follicle and the activated primary follicle. As ROS-induced damage progresses with increasing age [19] , a strong free radical defence in dormant primordial follicles, as well as anti-apoptotic factor BCL2, may prove important in ensuring granulosa cell integrity in human primordial follicle senescence from birth to menopause. We were surprised to identify expression of the DJ-1 encoding transcript PARK7 in granulosa cells of primary follicles. Recent literature on the Fig. 3 Schematic presentation of 'free radical scavenger' functional annotations and genes assigned. Presentation of the genes assigned into each of the four functional annotations in the free radical scavenger category in granulosa cells from primordial follicles, revealing that whilst some genes overlap between the annotations, some are unique function of DJ-1 as a positive regulator of androgen receptor transcriptional effects, and a regulator of the PI3K/PTEN/AKT signalling pathway, as well as free radical scavenging, makes this a highly interesting finding.
As free radicals have been linked to follicular ageing [19] , PCOS [34] , and cyclophosphamide treatment-induced premature ovarian failure (POF) [33] , it is conceivable that the dysregulated transcription of PRDX3-, PRDX5-, TXN2, and PARK7 may be involved in compromised dormancy and early preantral human follicle development. Despite the fact that mitochondria and their membrane proteins have been intensively studies for many years, they still represent a fascinating aspect with relevance to human health [65] . Our results raise many questions. It is important to keep in mind that there might also be detectable differences in what is considered dormant follicles. Primordial follicles do not belong in only one category, and it is unknown whether the primordial follicles analysed represent those still in the resting pool or those from the cohort that have entered the growing pool. How are the mitochondria of dormant primordial follicles involved in ovarian ageing? And how do the granulosa cells help to protect against oxidative damage to the oocyte, if at all? Or would this represent a building up of factors that can combat oxidative stress, in case of need? Are there any specific functional roles for the respiratory complex proteins? How does this affect the 'cross-talk' between the oocyte and the granulosa cells? It is likely that the combat against oxidative stress could play a role in maintenance of the oocyte integrity to protect the follicular reserve. Interestingly, a study showed that pre-pubertal ovaries contained a high proportion of morphologically abnormal non-growing follicles, and these follicles showed reduced capacity for in vitro growth [66] , which may suggest that age-related lower levels of ROS may contribute towards this. Functional studies may be able to address these questions in the future.
